The ventilatory thresholds of 30 male wheelchair athletes were determined from their respiratory and metabolic responses to a continuously progressive exercise protocol to peak oxygen uptake on a wheelchair ergometer. The peak oxygen uptake (peak V02), ventilatory threshold in I min -1 (VTL) , and ventilatory threshold expressed as a percentage of peak V02 (VT%) were measured for all subjects. Statistical analyses of selected subsamples were used to note sport and functional ability level differences in these variables. Analysis of peak V02 by functional classification (old International Stoke Mandeville Games Federation system; classes IA -S, plus an amputee class) indicated that paraplegic (classes 2-S) and the amputee class athletes (2,48Imin-1) were higher than tetraplegic (classes lA-Ie) athletes (0_9S l min-1). The paraplegic and amputee classes were combined for a comparison of peak V02 by sport which showed that track athletes (2.80Imin-1) were higher than basketball players (2,4l l min-1) who were higher than athletes from other sports (L88Imin-1). The VTL analyses demonstrated differences similar to the peak V02 analyses. The VT% analyses, however, showed no sport differences, but the tetraplegic athletes had higher VT% values (87%) than the paraplegic plus amputee group (69%)_
Introduction
Relatively recent reviews indicate the growing body of information on the peak exercise responses of wheel chair dependent individuals in general and wheelchair athletes in particular. 1.2 Little information, however, is available on their responses to submaximal exercise and/or relationships between exercise intensity and response variables. The anaerobic and/or ventilatory threshold has become a key parameter in exercise studies since it has been related to a significant increase in anaerobic metabolism as exercise intensity increases. In analyzing respiratory responses to progressive exer cise, Coutts et al3 noted that the absolute value of the anaerobic threshold occurred at progressively higher oxygen uptakes in tetraplegic persons, high lesion paraplegic individuals, and low lesion paraplegic per sons, respectively. Their analysis was limited to group mean data, however, and Davis4 has noted the error in not using individual data for threshold determination. More recently, Lakomy et al5 reported a high relation ship (r = 0.83) between the wheelchair speed eliciting a blood lactate concentration of 4 mmol l-1 and S km time trial performance in a group of wheelchair athletes. Their study supports the importance of the level of exercise producing an elevation of the anaerobic energy production as a determinant of endurance performance in wheelchair dependent indi viduals. A third study by Flandrois et al6 using arm crank ergo me try rather than wheelchair propulsion found that the lactate threshold, expressed as a percentage of maximal oxygen uptake, was higher in a trained paraplegic group compared to able bodied controls, and higher in high lesion paraplegics com pared to low lesion paraplegics_ They attributed the paraplegic versus control difference to local muscle adaptations of the paraplegics in response to training_
The present study was undertaken to extend this previous work on the anaerobic threshold of wheelchair athletes. Ventilatory threshold differences related to sport participation, and level of injury including tetra plegic, paraplegic, and amputee persons were ana lyzed.
Methods
Thirty-one male subjects who normally used a manually propelled wheelchair for daily activities and/or compe titive sports participation were recruited according to a protocol approved by the institution's ethical review committee, and each subject provided written informed consent. The distribution of the subjects with regard to sport and functional ability are presented in Table L The older International Stoke Mandeville Games Federation classification system1 was used to group the subjects by functional ability since it provided an initial . t� double, above knee amputations, were also Imt � ally .
sep � rated for analysis purposes. The sport desIgnatIon m Table 1 indicates the number of subjects who competed at the national or international level in track (and/or road racing) or basketball, with the 'other' designation used for subjects who did not fit into � hese ? roup � , but were generally active in other sports mcludmg s � Imming, tab . le tennis, and target shooting. Each subject used theIr own sport specific wheelchair in completing a continuous, progressive exercise test to peak oxygen uptake on a set of rollers following a warm-up. Subjects in the tetraplegic classes began propelling their wheelchairs at 20 pushes per minute in synchronizatio � with a calibrated metronome and push frequency was mcreased by 10 pushes per minute each minute until peak oxygen uptake was attained . For all ot�er su?jects, wheeling . started at 40 pushes per mmute WIth the frequency mcreased by 20 each minute up . to 80 r ushes per minute. This was followed by reSIstance mcreases of 0. 37 N . m each minute on the rear roller by means of a friction strap connected to a calibrated sinus balance until the subject achieved a peak oxygen uptake. Oxygen uptake was determined e � er � 15 s throughout the test using a calibrated, open CIrCUIt system, and peak oxygen uptake values were taken as the highest average over four consecutive 15 s intervals. Respiratory exchange ratios greater than 1 .05 (a�l subjects), and heart rates above 165 beats per mmute (only paraplegic and AMP subjects) were used to ascertain that a valid peak oxygen uptake had been achieved.
Ventilatory thresholds were determined for each � ubject from visual inspection of plots of the 15 s mte � val values for minute ventilation (VE), ventilatory eqUIvalent for oxygen (VE/V02), ventilatory equiva lent for carbon dioxide (VE/Ve02), and carbon dioxide elimination (Ve02) versus oxygen uptake �VO�) ?y two observers. The primary criteria used in Identtfymg the ventilatory threshold was an increase in VE/V02 while VE/Ve02 remained relatively constant or decreased as described by Beaver et al. 7 The point of steeper increases in Ve02 vs V02 and then VE vs V02 were used, if needed, to aid in determining the threshold. The two observers initially viewed the plots independently and complete agreement in determining ventilatory threshold was noted for 24 of the 31 subjects, and an overall interobserver correlation of 0.95 was f ? und. One subject, a class 1B, other sport athlete, dId n ';> t demonstrate a clear ventilatory threshold and hIS data were not included in the data summaries nor data analyses. The two observers either agre . ed on a single value for the VTL or an average of the mdependently determined values was used for the remaining six subjects.
Da . ta analyses we � e carried out to compare sport and functIOnal group differences in the peak oxygen up take, VTL, and VT%. The lack of subjects in some of the cells in Table 1 , however, did not permit a single, complete analysis of variance across both of these factors. Thus, a one way analysis of variance for the effect of ability classification was run which combined subjects across sports, while sport differences were tested using just the paraplegic and amputee class � th!ete � . The 0.05 level of significance was accepted as mdIcatIve of an effect in each analysis of variance, and Newman-Keul's statistic was used to make further between group contrasts when appropriate. Table 2 presents the three dependent variables, peak oxygen uptake, � he a?so � ute value of the ventilatory threshold (VTL) m I mm-, and the VTL expressed as a percentage of the peak V02 (VT%), for the subjects an � lyzed by functional classification. A graphic presen tatIon of the VT% variable by functional classification is contained in Figure 1 . All variables demonstrated a significant class effect, and follow-up contrasts indi cated that all tetraplegic classes (lA, lB, and 1C) were lower than all of the paraplegic classes (2-5 and AMP) for p � ak V02. yTL was lower in the tetraplegic classes only m companson to classes 3, 4, and 5, while VT% was higher in the tetraplegic classes when contrasted wit� classes 2, . 4, 5, a � d AMP. The analysis of these vanables and I � speCtIon of plots such as Figure 1 � uggested a re�atIvely clear separation of these subjects mto tetrapleglc and paraplegic groups. A secondary analysis of this data with subjects regrouped into just tetraplegic and paraplegic groups indicated significantly lower peak V02 (0.95 vs 2.48Imin-1) and VTL (0.85 vs 1.71 l min-1), and higher VT% (87 vs 69%), respectively.
Results
Differences between paraplegic subjects by sport participation are noted in Table 3 . No significant difference was found in VT%, while peak V02 and VTL exhibited a sport effect. Post hoc contrasts indicated that the track athletes were significantly (P < 0.05) higher than the 'other' athletes, while the bastketball palyers tended (P < 0.10) to be different from both these groups in peak V02 and VTL.
Discussion
The peak V02 results in this sample of wheelchair athletes are generally consistent with previous stud ies.1,2 That is, higher peak V02 values are observed in subjects with a greater amount of functional muscle mass following an injury or illness. A direct relationship between the aerobic demands of the wheelchair sport and its associated level of training with peak V02 has also been noted. This agreement with previous data provides an indication that the present sample is a reasonably representative sample of wheelchair ath letes, and therefore the findings of this study should be generalizable to other wheelchair athletes.
The subject differences in the absolute value of the ventilatory threshold (VTL in Imin-1) by sport and 
VT% (% of peak)
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Ventilatory thresholds in SCI wheelchair athletes KD Coutts and DC McKenzie functional classification, as expected, closely followed the peak V02 analyses. A generally strong positive correlation has been shown between VTL and peak V02 in previous studies,4 and a correlation of 0.93 between these variables was found in the current relatively heterogeneous wheelchair athlete sample. Therefore, little additional information about subject differences can be obtained from the analysis of VTL that was not noted in the peak V02 analysis .
The relationship between peak V02 and the relative ventilatory threshold (VT%) is less clear and therefore VT% represents a variable that is more distinct from the peak V02. A correlation of -0.54 between peak V02 and VT% was noted in the current total sample with an r = -0.12 when using a more homogeneous subsample of the subjects in just the paraplegic classes. The VT% values were higher than those reported for able bodied subjects during arm crank ergometry, 8 but this difference could be attributed to exercise mode rather than sample differences. Flandrois et al6 also using arm crank exercise, have noted a higher lactate threshold, expressed as a percentage of maximal oxygen uptake, in a paraplegic sample vers � an a?le bodied control group (59 vs 43%), and hIgh lesIOn paraplegics had a higher value than low lesion para plegics (63 vs 54%). The average of 69% for the VT% in the current male paraplegic subsample is somewhat higher than the 59% of Flandrois et ai, 6 but this difference may be attributed to the use of gas exchange versus blood lactate measurements to determine the threshold value and/or the difference in mode of exercise used.
In a group of 10 paraplegic and two tetraplegic wheelchair athletes wheeling a 5 km time trial on a treadmill, Lakomy et al5 observed that the tetraplegics were able to wheel at about 90% of their V02 max while the paraplegics averaged 76% during this endur ance performance. These values are in reasonable agreement with the average VT% for tetraplegics of 87% and paraplegics of 69% in the present study. Lakomy et al5 also noted that the average speed during the 5 km trial was not significantly different from the speed eliciting a blood lactate concentration of 4 mmol l-1 in their athletes. The finding of a signifi cantly higher ventilatory threshold, as a percentage of peak V02, in tetraplegics compared to paraplegics in the present study is thus consistent with the limited evidence from previous studies.
While determination of the mechanism for a higher, relative ventilatory threshold in tetraplegics is beyond the scope of the present study, a few possible models can be considered on the basis of the current results. The general relationship of ventilatory threshold to lactate threshold and anaerobic metabolism has been previously noted and discussed.4,9 The higher relative threshold of tetraplegic persons, compared to paraple gic persons, could be ascribed to their lower functional muscle mass in relation to their total blood volume. That is, it would be expected that tetraplegic persons would have a lower peak lactate production capacity due to their lower functional muscle mass which would lead to lower peak blood lactate values. Eriksson et allO have reported lower blood lactic acid levels in tetra plegic persons compared to paraplegic persons and able bodied controls following maximal exercise involving wheelchair propulsion. Thus, tetraplegic persons with a maximal exercise blood lactate of 5-7 mmol l-1 would have to be at a higher percentage of maximal effort in order to stimulate respiratory compensation for meta bolic acidosis than paraplegic persons. This line of reasoning, however, would also suggest that amputees persons with a higher functional muscle mass to total blood volume ratio compared to paraplegic persons should exhibit a significantly higher blood lactate and the assumed ventilatory consequences at a lower intensity of exercise. The lack of a significant different in VT% between the AMP and any of the paraplegic classes does not support this possible link between blood lactate and the ventilatory threshold in this sample.
The clear distinction between the tetraplegic and paraplegic groups in VT% with no apparent trends within these groups as shown in Figure 1 suggests that the lower VT% in paraplegic persons involves some difference created by spinal lesions at or above C8 (classes lA, IB, and lC) vs those at or below Tl (classes 2-5). Two possibilities are the loss of central sympathetic control to the heartl1 and the loss of central innervation of the intercostal muscles that are richly supplied with afferent muscle spindles.12 Hypo theses to explain the noted delay or modified increase in the ventilatory drive of tetraplegic persons to a higher percentage of maximal exercise could be made that involve either or both of these losses. An alternate viewpoint is that the individuals with tetraplegia have a low peak V02 in relation to their ventilatory threshold rather than a high ventilatory threshold in relation to their peak V02. The lack of a clear ventilatory threshold in one of the class IB (lesion C7) non-endur ance sport athletes with a peak V02 of O.89 l min-1 indicates that the peak V02 may be below the ventilatory threshold in some individuals with higher spinal cord lesions. Further study of the respiratory and metabolic responses to progressive exercise of indi viduals with a spinal cord injury, thus, seems promising in identifying some of their intact physiological control mechanisms and the contribution of �pecific mechan isms to the ventilatory threshold.
